We report detections of six high-redshift (1.8 ≤ z ≤ 6.4), optically luminous, radio-quiet quasars at 350 µm, using the SHARC II bolometer camera at the Caltech Submillimeter Observatory. Our observations double the number of high-redshift quasars for which 350 µm photometry is available. By combining the 350 µm measurements with observations at other submillimeter/millimeter wavelengths, for each source we have determined the temperature of the emitting dust (ranging from 40 to 60 K) and the far-infrared luminosity (0.6 to 2.2 × 10 13 L ⊙ ). The combined mean spectral energy distribution (SED) of all high-redshift quasars with two or more rest frame far-infrared photometric measurements is best fit with a greybody with temperature of 47 ± 3 K and a dust emissivity power-law spectral index of β = 1.6 ± 0.1. This warm dust component is a good tracer of the starburst activity of the quasar host galaxy.
Introduction
At high redshifts, a large fraction of the star formation occurs in very luminous (> 10 12 L ⊙ ) galaxies (Greve et al. 2005) . Most of the radiation of the newly formed stars in these systems is absorbed by the dust and re-emitted at infrared (IR) wavelengths. In their rest frame, the spectral energy distribution (SED) of dusty galaxies typically peaks at 60-80 µm and can be approximated with a modified blackbody spectrum with dust temperatures between 30 and 80 K (Dunne et al. 2000) . In host galaxies of quasi-stellar objects (QSOs), some dust can be directly heated by the central Active Galactic Nucleus (AGN) to higher temperatures; its emission then dominates the near-to mid-IR SED.
For sources at high redshift (z > 1), the peak of the emission is shifted to submillimeter wavelengths, enabling useful multi-color photometric observations with ground-based telescopes in the submillimeter (submm) and millimeter (mm) atmospheric windows.
Tracing the peak of their SED is crucial for an accurate determination of the IR luminosity and star formation rate in such dusty, energetic systems.
In principle, a determination of the SED peak could be expected to be useful for estimating the source redshift in cases where spectroscopic redshifts are not available.
While this method has been shown to work in limited Monte Carlo simulations (Wiklind 2003; Hughes et al. 2002) , there is the distinct possibility that it may be impractical, as the redshift and dust temperature are largely degenerate (Blain, Barnard, & Chapman 2003) .
Sampling the SED of high-redshift IR-luminous galaxies through the several submm and mm atmospheric windows (usually 350, 450, 850µm, 1.2, 2.0, 3.0 mm) has been achieved for only a few high-z sources (Benford et al. 1999; Priddey & McMahon 2001 , and references therein).
Here we present observations at 350 µm of six quasars in the redshift range 1.8 z 6.4. This doubles the number of high-z quasars for which such measurements are available. The optically luminous and radio-quiet quasars were selected from the 1.2 mm continuum surveys performed with the Max-Planck Millimeter Bolometer (MAMBO) array by Omont et al. (2001 Omont et al. ( , 2003 and Bertoldi et al. (2003a) -see Table 1 . The selected wavelength of 350 µm roughly corresponds to the peak in the SEDs of highly redshifted emission from dust with temperatures of 40 to 60 K. We adopt the concordance Λ-cosmology with H 0 = 71 km s −1 Mpc −1 , Ω Λ = 0.73 and Ω m = 0.27 (Spergel et al. 2003) .
Observations
The measurements were made on January 6 and 7, 2004 at the 10.4 m Leighton telescope of the Caltech Submillimeter Observatory (CSO) on the summit of Mauna Kea, Hawaii, during excellent weather conditions, with stable zenith atmospheric opacities of 1.0 at 350 µm. We used the CSO bolometer camera, SHARC II, described by Dowell et al. (2003) , moounted at the reimaged Cassegrain focus. It consists of a 12 × 32 array of doped silicon 'pop-up' bolometers operating at 350 µm. Under good weather conditions, the point-source sensitivity at 350 µm is ∼ 1 Jy/ √ Hz or better. The detectors of SHARC II cover the focal plane with 90% filling factor and are separated by 0.70 λ/D = 4.86 ′′ .
Pointing was checked regularly on strong sources including planets and secondary calibrators, and the focus was checked at the beginning of each night. The pointing was found to be stable with a typical accuracy of 2 ′′ (1σ r.m.s). We used the Dish Surface Optimization System (DSOS) which actively corrects the 10.4-meter primary surface for static imperfections and deformations due to gravitational forces as the dish moves in elevation (Leong et al. 2005) . The DSOS improves the beam shape and provides an elevation-independent telescope efficiency ∼ 10% better than the passive telescope (which has an aperture efficiency of 33% at 350 µm) at intermediate elevation and 50% better at high elevation. is based on an algorithm that solves a series of models which try to reproduce the observations through an iterative process, taking into account instrumental and atmospheric effects while using statistical estimators on the data. For the current data, we used the option deep which is appropriate for sources with typical flux densities smaller than 1 Jy/beam. To derive the flux densities of the high-z quasars at 350 and 450 µm, we fitted circular Gaussians profiles and a uniform background level, leaving the position, the full width half maximum and the intensities as free parameters. The resulting noise maps were used to derive the statistical uncertainties on the fitted parameters which served to estimate the uncertainty on the flux densities. These uncertainties do not take into account the calibration errors.
Results
All six quasars were detected at significance levels of >∼ 3.5 σ ( Table 1 ). The signal maps of the 350 µm continuum emission are shown in Fig. 1 . In the following, we comment on the individual sources.
KUV 08086+4037 This z = 1.78 broad emission line quasar was discovered by Darling & Wegner (1996) and detected at 1.2 mm by Omont et al. (2003) . The mm to 1.4 GHz radio continuum flux ratio is compatible with a star-forming galaxy Petric et al. (2006, in preparation) . We detect KUV 08086+4037 at 350 µm with a flux density of 69 ± 11 mJy. The peak emission of KUV 08086+4037 is shifted by 3 to ∼4 ′′ from the optical or radio position, corresponding to ∼ 2σ of the pointing accuracy of the CSO. However, it is unlikely that the detected emission does not come from the QSO, and the offset is probably due to a pointing model problem.
APM 08279+5255 This is a strongly lensed z = 3.91 broad absorption line quasar with a bolometric luminosity of ∼ 10 14 L ⊙ after correction for magnification by a factor 7 (Downes et al. 1999) . It is a strong IR/submm source which was even detected by IRAS . Its mid-IR spectrum was observed with the Spitzer Space Telescope, confirming a strong continuum likely due to the dust heated by the AGN (Soifer et al. 2004 ).
The massive reservoir of dust (a few ∼ 10 8 M ⊙ ) and warm molecular gas (3 × 10 9 M ⊙ ) associated with this quasar is distributed in a nuclear disk of radius 100-200 pc around the Active Galactic Nucleus (AGN), and traces a dynamical mass of 1.5 × 10 10 M ⊙ (Lewis et al. 2002) . With a 350 µm flux density of 386 ± 32 mJy, APM 8279+5255 is the strongest high-z source ever detected at 350 µm. The flux density at 450 µm measured with SHARC II is 342 ± 26 mJy, and were found to be stable over the three different observations periods, 319 ± 32 mJy on January the 13rd, 279 ± 111 mJy on the 16th and 418 ± 52 mJy on the 18th. This flux density is higher than the 211 ± 47 (68) mJy reported by Lewis et al. (1998) and the 285 ± 11 (40) mJy found by Barvainis & Ivison (2002) , but is still compatible with them within 1σ, when taking into account the absolute calibration uncertainties of SCUBA, as quoted in parenthesis and estimated to be of the order of 10%.
HS 1002+4400 is a quasar at z = 2.08 which was first discovered in the Hamburg survey (Hagen et al. 1999) . It displays broad emission lines with no peculiar features, and it was detected at 1.2 mm by Omont et al. (2003) and in the 1.4 GHz radio continuum by Petric et al. (2005) . The radio to mm continuum flux ratio is consistent with that of a starburst. HS 1002+4400 is detected at 350 µm with a flux density of 77 ± 14 mJy.
SDSS J114816.64+5251, hereafter refered to as J1148+5251, is the most distant quasar (z = 6.42) known to date (Fan et al. 2003 ). An optically very luminous quasar, powered by a supermassive black hole, it also shows strong far-IR emission with an estimated luminosity of 1.2 × 10 13 L ⊙ (Bertoldi et al. 2003a) , and an implied rate of star formation of ≈ 3000 M ⊙ yr −1 . A massive reservoir of dense molecular gas (≈ 2 × 10 10 M ⊙ )
is implied by the observed CO emission Bertoldi et al. 2003b ) and the recent detection of the [CII] emission line (Maiolino et al. 2005) . The 1.4 GHz radio continuum flux follows the radio-FIR correlation for star-forming galaxies ). J1148+5251 as been detected both at 850 and 450µmby Robson et al. (2004) , with flux densities of 7.8 ± 0.7 mJy and 24.7 ± 7.4 mJy respectively. Charmandaris et al. (2004) reported the detection of J1148+5251 with the Spitzer Space Telescope at 16 and 22 µm, revealing a hot dust component that could be heated by the AGN; however, it should be noted that these measurement are also compatible with the emission of the AGN extrapolated from the optical. We detected J1148+5251 at 350 µm with a flux density of 21 ± 6 mJy at the optical position of the QSO. This is the lowest flux density ever detected at 350 µm. A map with the best fit source subtracted present only noise, with any residual sources < 14 mJy, meaning that the apparent source extension seen in figure 1 is due to noise.
J140955.5+562827, hereafter refered to as J1409+5628, at z = 2.56 is an optically very bright, radio-quiet quasar. It is by far the strongest mm source in the Omont et al. (2003) MAMBO survey of z ≈ 2 quasars. It has a massive reservoir of warm and dense molecular gas which is detected in CO (Beelen et al. 2004 ) and HCN (Carilli et al. 2005) , with an estimated mass of 6 × 10 10 M ⊙ . Its far-IR luminosity of ∼ 4 × 10 13 L ⊙ implies a star formation rate of several 1000 M ⊙ yr −1 (Beelen et al. 2004 ). The radio flux density is consistent with the radio-FIR correlation for star-forming galaxies Petric et al. (2006, in preparation) . High resolution VLBA observations resolve out the radio emission, implying an intrinsic brightness temperature of ∼ 10 5 K at 8 GHz, which is typical for nuclear starbursts (Beelen et al. 2004 ). The 350 µm flux density of 112 ± 12 mJy places J1409+5628 among the strongest submm high-z sources.
PSS 2322+1944 is an optically luminous, lensed (magnification a = 3.5) quasar at z = 4.12. It was detected in mm dust and radio continuum, and in various CO emission lines (Omont et al. 2001; Cox et al. 2002; Carilli et al. 2002) . With a far-IR luminosity of 9 × 10 12 L ⊙ (corrected for lensing), it harbours a massive reservoir of molecular gas detected in CO, where star formation takes place with a rate of ≈ 1000 M ⊙ yr −1 . The CO line emission is resolved into an Einstein ring, which can be modeled as a disk of dense and warm molecular gas surrounding the QSO with a radius of ∼ 2 kpc, tracing a dynamical mass of a few 10 10 M ⊙ . PSS 2322+1944 is clearly detected at 350 µm with a flux density of 79 ± 11 mJy.
Discussion
The thermal emission from dust at a temperature T dust , is proportional to
where B ν (T dust ) is the Planck function and τ d (λ) = κ(λ) ρ ds is the dust optical depth, with κ being the mass absorption coefficient at rest wavelength λ and ρ the total mass density. At far-IR wavelengths λ > 40 µm, the emission is optically thin,
, so that the above expression applied to a given dust mass at redshift z leads to an emergent flux density
where the mass absorption coefficient, κ(ν) = κ 0 (ν/ν 0 ) β , is approximated by a power law.
Dusty galaxies typically show multi-temperature components in their IR SEDs. At rest frame near-and mid-IR wavelengths, the emission from these quasars arises from a "hot" Through a fit of a single temperature greybody (3 free parameters: luminosity or integrated intensity, β and T dust ), the dust temperature and emissivity index can be determined simultaneously only if at least 4 photometric data points are available (fit with more than one degree of freedom). For most objects, only two photometric data points (S 1
and S 2 at ν 1 and ν 2 ) are available, resulting in a degeneracy between the dust temperature and β (Priddey & McMahon 2001; Blain, Barnard, & Chapman 2003) :
where α = (ν 2 /ν 1 ) 3+β S 1 /S 2 .
Individuals objects
We fit a modified black (grey) body spectrum (Eq. 1) to the rest frame 40 to 800 µm SEDs of the six high-z quasars we observed at 350 µm. To account for the uncertainties in the absolute calibration of the submm and mm photometry, we added 20% to the uncertainties of all measurements.
For those quasars where only two photometric data points are available, we fixed β = 1.6 (see §. 4.2) and derived T dust from Eq. 3. When more photometric measurements are available, we performed a χ 2 -fit on T dust only, or both T dust and β when the degree of freedom in the fit was greater than one, except in the case of J1148+5251 were the lack of detection in the Rayleigh-Jeans domain prevent the fit of β. The resulting fits are shown in Fig. 2 for four of the quasars where three or more measurements are available. Figure 2 also shows the available radio, near-and mid-IR measurements, as well as the radio continuum emission expected from the correlation between the far-IR and radio luminosity observed in nearby star-forming galaxies (Condon 1992 ).
The far-IR luminosity is found by integrating over the fitted modified black body. The mass M dust of dust at T dust is related to far-IR luminosity by
or to the flux density S ν obs observed at frequency ν obs (See Eq. 1)
A major source of uncertainty in estimating the dust mass comes from uncertainties of the mass absorption coefficient κ, which is poorly constrained by observations or laboratory experiments. We adopt a value of 0.4 cm 2 /g at 1200 µm, which is in the range of values found in the literature (Alton et al. 2004 , and references therein). For each source, the derived temperature, spectral index, luminosity, and dust mass are listed in Table 2 .
The dust spectral index could be fitted for only two of our sources, APM 08279+5255
and PSS 2322+1944, resulting in β = 1.9 ± 0.3 and 1.5 ± 0.3, respectively. The fixed value of β = 1.6 for the other sources is based on the mean SED discussed in The derived temperatures for the warm dust are in the range 30 to 60 K, which is typical for local IR-luminous galaxies, where the heating is dominated by young massive stars (Dunne et al. 2000) . The values are also comparable to those found for other high-z sources (Benford et al. 1999 ). Our single-component fits do not account for the hot dust component that dominates at rest frame mid-IR wavelengths. For APM 08279+5255, e.g., when adopting β = 1.9, a two dust component fit to the SED between 10 and 800 µm yields T hot = 155 ± 17 K and T warm = 45 ± 2 K. The warm dust temperature well agrees with the value found from a single dust component fit. The situation is similar for the Cloverleaf, where a single component fit yields T dust = 38 ± 3 K and β = 2.0 ± 0.2, whereas a two-component fit with fixed β = 2 yields T hot = 118 ± 13 K and T warm = 36 ± 1 K, which also agrees with the results of Weiß et al. (2003) . The same applies in the case of IRAS F10214+4724 with a single component fit yields to T dust = 44 ± 7 K with β fixed to 1.6, and a two component fit to T hot = 93 ± 12 K and T warm = 41 ± 8 K. These three examples (see fig 3) suggest that the temperatures found for the warm dust from single component fits are not much affected by the hot dust component -although this probably depends somewhat on the relative intensities of both components. Further measurements at the rest frame peak emission, from 10 to 100 µm, are needed to clearly solve this problem, note that a dust temperature distribution is more likely to be found, instead of a single or two dust components.
The derived dust masses range from a few 10 8 to 10 9 M ⊙ (Table 2) , indicating huge reservoirs of gas in the high-z quasars. However, uncertainties in these mass estimates arise from the assumed value of the mass absorption coefficient κ, which is constrained 
Dust temperature and spectral index of the mean far-IR SED of high-z quasars
The determination of both β and T dust is currently possible only for a few objects. Even when enough photometric data points are available for individual sources, the uncertainties on the temperature and the spectral index are large and the β − T dust degeneracy prevents reliable estimates of the far-IR luminosities.
To better constrain the mean properties of the high-redshift quasar warm dust component, we have fitted a single temperature grey body to the photometric points of all quasars with at least two measurements in the rest frame far-IR. This provides a useful empirical description of the mean far-IR SED of dusty high-z galaxies, which can be used as a template to derive the far-IR luminosities when only a few photometric measurements are available. The 14 quasars of this sample have redshifts in the range 1.8 to 6.4, which provides a "wavelength coverage" of the ensemble SED much wider than that possible for individual objects. Figure 4 shows the resulting mean SED.
A similar analysis was done by Priddey & McMahon (2001) The derived mean spectral index of β = 1.6 ± 0.1 is not consistent with the value of β = 2 expected for dust grains made of pure silicates and/or graphites (Draine & Lee 1984) . However, a range of dust temperatures will lower the effective measured β. For example, the sum of two modified black-bodies with dust temperatures T warm , T cold and β = 2 provides a fit to the mean far-IR SED that is as good as the one with a single dust temperature and β = 1.5 -see also Dunne & Eales (2001) . The mean value of β = 1.6 was adopted in § 4.1 to fit the dust temperature for sources with only a few photometric measurements. The current data does not well constrain an additional cold component, for which measurements at longer wavelengths, 2 to 3 mm, would be most valuable.
Infrared to Radio spectral index
For local star-forming galaxies a tight linear correlation is found between the radio continuum (monochromatic) luminosity, L 1.4 GHz , and the far-IR luminosity, L FIR , with a scatter of a factor ≈ 2 − 3 over more than four orders of magnitude in luminosity (Condon 1992; Yun, Reddy, & Condon 2001) . This tight relation is generally understood to be due to star-formation activity, measuring the dust heated by young stars, and the radio synchrotron emission from supernova remnants. That this relation also holds at higher redshifts was shown by Appleton et al. (2004) , who report evidence for its validity out to z = 2 by matching Spitzer Space Telescope 24 and 70 µm sources and VLA radio sources. In the following, we check whether the Condon correlation also holds for high-z far-IR-luminous quasars.
The far-IR/radio relationship is usually quantified by a parameter
where L 1.4 GHz is the monochromatic rest frame 1.4 GHz luminosity (Helou, Soifer, & Rowan-Robinson 1985; Condon 1992) , L FIR is the far-IR luminosity, which was originally computed from the rest frame 60 and 100 µm IRAS fluxes (Helou, Soifer, & RowanRobinson 1985) under the assumption of a typical dust temperature of ≈ 30 K. However, these definitions are not practical for ULIRGs that have higher dust temperatures, and we therefore use the integrated far-IR luminosity of the warm dust component.
To compute the radio luminosities we fitted a power-law to the observed radio flux densities and extrapolate to the rest frame 1.4 GHz flux density. When only one data point is available, we use a radio spectral index of −0.75 (Condon 1992 ).
The resulting q values are listed in Table 2 . Figure 6 plots the radio luminosity against the far-IR luminosity for the 2 Jy galaxy sample of Yun, Reddy, & Condon (2001) . To be consistent with our definitions, we recomputed the far-IR luminosities by fitting a single dust temperature modified black-body with β = 1.6. The figure compares the Yun sample to the high-z quasars sample, except for HS 1002+4400 where no radio data are available (see the caption of Fig 6 for details) .
Most of our quasars well follow the far-IR/radio correlation well, showing a median q = 2.2 ± 0.4, in good agreement with the value of 2.3 ± 0.1 found for the Yun sample. Two quasars show unusually high radio to far-IR flux ratios: BRI 0952 − 0115 which shows a radio luminosity similar to that of a low-luminosity radio galaxy (Yun et al. 2000) and the Cloverleaf, which contains a known weakly radio-loud AGN.
The fact that the high-z quasars reasonably follow the Condon relation for star-forming galaxies suggests that their radio and far-IR emission do also arise from star formation, although a weak contribution from the AGN is not excluded. Further evidence for this is provided by the vast amounts of dense molecular gas detected in CO line emission for some of the quasars (see § 3) , and by the implied several kpc spatial extent of these gas reservoirs, which is very similar to that of the starbursts rings resolved in nearby Seyfert and starburst galaxies (García-Burillo et al. 2003) .
Conclusions
This paper reports sensitive measurements of 350 µm dust emission from high-redshift quasars. The detection of six 1.8 ≤ z ≤ 6.4 quasars doubles the number of quasars at high redshift for which 350 µm photometry is available. Combined with observations at mm/submm wavelengths, the 350 µm data allow us to sample the rest frame far-IR SEDs of these high-z sources and, thereby, to constrain the properties of their warm dust emission.
The 350 µm measurements are key in deriving the far-IR luminosities since they sample the peak of the warm dust emission. For the high-z quasars, the derived temperatures are in the range 40 to 60 K and the luminosities are a few 10 13 L ⊙ . The derived dust masses range from a few 10 8 to 10 9 M ⊙ .
The mean far-IR SED of all high-z quasars measured with two or more rest frame far-IR data points is best fit with a grey-body of temperature, T dust = 47 ± 3 K and a dust emissivity spectral index, β = 1.6 ± 0.1. However, note that there are considerable variations and uncertainties in the determination of the dust temperature and spectral index in individual objects, which is not reflected in the quoted uncertainties here. To determine accurately β and T dust , a good sampling of the SED, especially along the Rayleigh-Jeans part of the modified blackbody is needed with measurements around the emission peak.
Photometric measurements at high-frequency (e.g., at 350 µm) are important to sample the peak of the redshifted far-IR emission and derive the far-IR luminosity, whereas data at low frequencies (2 or 3 mm) would be key to constrain β. Future facilities such as the Atacama Large Millimeter Array (ALMA) will improve the sensitivity in the submm/mm regime by more than an order of magnitude relative to current instrumentation and will enable the measurement of the SEDs of high-z sources over a wide range in frequency with a precise calibration, including much less luminous and extreme objects than the ones which can be observed today.
All the radio-quiet high-z quasars studied in this paper approximately follow the far-IR/radio correlation, showing a median q = 2.2 ± 0.4, consistent with that found for local star-forming galaxies. This result is a further indication that, in these high-z radio-quiet quasars, the radio and far-IR emission does arise from star formation.
The warm (40-60 K) dust component found from single component fits to the SEDs of high redshift quasars is not much affected by the presence of a hot (several 100 K) dust component that dominates at rest frame mid-IR wavelengths, as shown by the examples -18 -of APM 08279+5255 and the Cloverleaf. The warm dust component is thus found to be a relatively good tracer of the starburst activity of the quasars's host galaxy. More mid-IR measurements are needed to assess the degree to which the warm and hot dust components can be treated independently in high-z quasars. In this respect, the Spitzer Space Telescope will provide valuable photometric data at mid-IR wavelengths and allow us to build complete SEDs for a number of high redshift quasars from their rest frame near-to far-IR wavelengths to investigate the relative importance of the AGN and starburst activity.
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